ABSTRACT. -Termination of breeding, the development of photorefractoriness, subsequent postnuptial molt, and fat deposition precede autumnal migration in White-crowned Sparrows (Zonotrichia leucophrys). The timing of these postreproductive functions differs from that of analogous vernal functions because they are neither synchronous within the population nor uniformly coincident with environmental stimuli. We hypothesize that the expressions of autumnal functions are internally coupled and that they result from a separate process initiated by the increasing vernal daylength. Our data concerning the effect of various photoregimes on testicular regression, postnuptial molt and fat deposition of Z. 1. gumbelii are consistent with the following generalizations: (1) on daylengths that exceed 16 h these processes begin after 40-60 days of photostimulation, inversely related to daylength; (2) transfer of photostimulated (20L 4D) males to an intermediate daylength of 12 h near the end of the testicular growth phase blocks the expression of autumnal functions, although their expression is not blocked if the birds are photorefractory when transferred; (3) males transferred from 12L 12D to 20L 4D in various stages of testicular development begin postnuptial molt after a fixed number of days regardless of the stage of testicular development at the time of transfer; (4) rates of postnuptial molt and fat deposition are inversely related to the daylength to which the birds are exposed when these functions occur, which may explain the acceleration of preparation for autumnal migration in late-starting individuals. Therefore, the systems that control autumnal processes appear not only to be independent of those that regulate analogous vernal processes, but also appear to rely more on internal coupling to integrate these functions than do the latter. 
The physiological preparation that precedes migration usually involves several functions that require coordination-activation (spring) or inactivation (autumn) of the reproductive system, hyperphagia, and fat deposition, and usually at least a partial molt (Stresemann and Stresemann 1966 Although the mechanisms that ensure that these functions occur at the proper time and in the proper sequence have been extensively studied in the migratory races of the Whitecrowned Sparrow (Zonotrichia leucophrys), they remain only partially understood. Differences in preparation for vernal and autumnal migration under natural conditions suggest that different control mechanisms are employed in these two seasons. Preparation for spring migration is synchronized within a population of Z. leucophrys wintering at a given latitude because it appears to be initiated in direct response to increasing daylength (Farner and Wilson 1957, Ring 196 1, Ring and Farner 1965, Mewaldt and Ring 1978b). In contrast, preparation for autumnal migration is less synchronous within populations because it does not begin until the birds finish nesting. If a clutch or brood is lost, a pair may renest and delay onset of postnuptial molt, although there is a compensatory acceleration of the molt (Wingfield and Farner 1979) . In addition, the decreasing daylength of late summer and autumn differs from lengthening days of spring as predictive information for fall migration (Ring 1963). Because of (1) lack of synchrony among individuals with the same environmental information and (2) individual differences in rate of preparation due to renesting, it seems likely that this sparrow relies on external information to coordinate its post-repro-ductive functions somewhat less than it does for vernal functions (Ring and Farner 1963 , Farner 1964 , Farner and Follett 1979 .
Differences in the expression of vernal and autumnal processes in the laboratory also suggest that White-crowned Sparrows rely more heavily on internal coupling in the fall than in the spring. The The results of several laboratory experiments on Z. leucophrys (K. S. Matt, M. C. Moore, J. C. Wingfield, and P. W. Mattocks, unpubl.) and observations under natural conditions (Wingfield and Famer 1979) are consistent with hypothesis 3. We report here the results of three laboratory experiments on Z. 1. gambelii, the migratory race that breeds in Alaska, which support the other three hypotheses. In Experiment I, sparrows were transferred from 8L 16D to long days of various lengths to test (1) the prediction of hypothesis 1 that gonadal regression and postnuptial molt always occur as delayed effects of photostimulation on daylengths above a critical threshold and (2) the prediction of hypothesis 4 that the rate of molt is an inverse function of daylength. In Experiments II and III, we exploited the effects of intermediate daylengths, such as 12L 12D, which in Z. 1. gambelii induce the expression of vernal, but not autumnal functions (Wolfson 1958 , Chilgren 1978 , Famer et al. 1980 ). In Experiment II, groups of males were transferred to 12L 12D before or after the onset of photorefractoriness, but before the beginning of postnuptial molt, in order to test (1) the prediction of hypothesis 2 that birds molt and fatten after they become refractory, regardless of photoperiodic manipulations, and (2) the prediction of hypothesis 4 that shorter days accelerate molt and fattening. In Experiment III, birds were transferred from 12L 12D to long days at various stages of gonadal development in order to test the prediction of hypothesis 1 that the onset of autumnal functions depends on the number of long days to which the birds are exposed, irrespective of the stage of gonadal development at the time of transfer.
MATERIALS AND METHODS

GENERAL
White-crowned Sparrows (Z. 1. gambelii) were captured from wintering flocks in Yakima County, Washington (46"N, 12o"W). Their sex was determined by laparotomy. They were placed initially in outdoor aviaries in Seattle and subsequently transferred to controlledenvironment chambers where they were held two per cage (41 X 26 X 22 cm) at 22°C and 55% relative humidity. Fluorescent lamps provided at least 400 lux of illumination at floor level of each cage. Food (chick starter mash) and water were provided ad libitum.
Testicular weights were estimated visually during laparotomy by comparing the size of the left testis with a series of fixed testes of known weight. Birds were weighed periodically and examined for postnuptial molt (the "prebasic molt" of Humphrey and Parkes 1959) every three days. Each primary remex on the left wing was recorded as either old, missing, in pin, in sheath, or as a fully grown new feather. "Onset of molt" is defined as the day when the first primary remex was shed, and "duration of molt of primary remiges" as the number of days between the shedding of the first (Pl) and last (P9) primary remiges.
We used nonparametric statistics in the Figure 1 . One group was transferred from 20L 4D to 12L 12D after the testes had attained near-maximal size, but before testicular regression or photorefractoriness had begun. Half of these birds (Group T3 1, transferred on day 31) were maintained on 12L 12D thereafter to determine if molt occurred, and the remainder (Group R70, retransferred to 20L 4D on day 70) were subsequently returned to long days to test for photosensitivity. Another group (T60, transferred on day 60) was transferred to 12L 12D after testicular regression had begun and, after a period of 12L 12D identical in duration to that received by Group R70, were returned to long days to test for photosensitivity. Controls were maintained on 20L 4D for the entire experiment. We determined testicular size, molt of primary remiges, and body weights of males at regular intervals during the experiment. Female controls were not laparotomized and only data on their molt are included in this paper. During their initial treatment with 12L 12D, subjects were also examined for body molt and the percentage of contour feathers growing in each feather tract was estimated. These values were first multiplied by the fraction of the total body-feather mass in that tract (which we determined by weighing plucked feathers from each tract of a male sparrow) and then summed for each individual to estimate the percentage of growing body feathers.
RESULTS EXPERIMENT I: TRANSFER TO VARIOUS DAY LENGTHS
No molt of primary remiges occurred on either 8L 16D or 12L 12D, but on all day lengths greater than 16 h these feathers were molted in normal sequence. The following analysis is confined to those photoperiods that induced postnuptial molt. Both onset and duration of molt of primary remiges were significantly different among the groups subjected to the various daylengths (P < 0.02 for both, Table 1 ). Mean onset of molt of primary remiges was earlier on longer days (in a linear regression, r2 = 0.47, P < 0.05, 7 df) and mean duration of molt decreased on shorter days (r2 = 0.66, P < 0.05, 7 df). The groups also differed in the dates when primary molt ended (P < 0.02) but there was no linear relationship between mean termination date and daylength (r2 = 0.06, P > 0.50,7 df). In other words, the birds terminated molt more uniformly than they began it. The groups also differed significantly in the testicular growth-rate constant, k, (P < 0.00 1, Table 1 198 1) . The estimated combined testis weight (CTW) on day 64, after all groups had begun testicular regression, which we used as an index of the rate of testicular regression, was also significantly different among these groups (P < 0.01, Table  1) . Mean values were a negative function of daylength (in a log-linear regression of means, r2 = 0.78, P < 0.01, 7 df). This indicates that birds on longer days had smaller testes on day 64 and therefore their testes must have either regressed more rapidly, regressed sooner, or both.
We performed correlation analyses to determine the relationships among these variables, i.e., to determine whether systems controlling them respond independently to daylength. Correlations between k and log CTW on day 64 or onset of molt (r2 = 0.93 and 0.79, respectively) explained more of the variance than did correlations between the latter two variables and daylength. This indicates that variations in k were duplicated in log CTW on day 64 and onset of molt, suggesting further that the control systems for these three variables were responding to changes in daylength by the same mechanism. However, onset of molt was even more closely correlated with log CTW (r2 = 0.85) than with k, i.e., birds that maintained enlarged testes longer also molted later. Surprisingly, duration of molt was not significantly correlated with k (r* = . Those of controls and Group T60 continued to increase until day 41 and then decreased sharply between days 50 and 56 as photorefractoriness developed. In contrast, subjects transferred to 12L 12D on day 3 1 did not show further significant increases in CTW, although on day 4 1 it was not significantly less than the CTW of the control group (P > 0.05). After day 4 1, the testis weights of birds on 12L 12D initially decreased more rapidly than those of controls (significantly less on day 50, P < O.Ol), but later decreased more slowly so that they were significantly higher than control weights on days 70 and 80 (P < 0.01 and 0.02, respectively; Fig. 2 ). However, there was great individual variation among these birds on the latter two sample dates (extremes 3-250 mg).
Test for photorefractoriness. Birds in group R70 that were transferred to 12L 12D after 3 1 days of 20L 4D either were not photorefractory when transferred or had their photorefractoriness ended by this photoregime because CTW of all of them increased after their return to 20L 4D on day 70: from 30-200 mg on day 70 to 500 mg 18 days later. We think the latter explanation is_. unlikely since the three survivors of Group T60 that were returned to 20L 4D on day 99 with small testes (2, 3, and 5 mg) still had small testes 18 days later (2, 2, and 3 mg, respectively). This indicates that birds transferred to 12L 12D on day 60 were photorefractory and were still in this state 39 days later. We assume, therefore, that similar treatment did not terminate refractoriness in Group R70. Thus, it appears that the birds transferred to 12L 12D on day 3 1 underwent testicular development and regression, but did not become photorefractory.
Postnuptial molt. Onset of molt was the same in male and female controls (day 59-70 and All males in Group T60 molted the primary remiges in the normal sequence (cf. Morton et al. 1969) when exposed to 12L 12D. The onset ofthis molt (day 57-66; one bird began to molt before transfer) was not statistically different from that of the controls (P > 0.50), but its duration was significantly less than in the controls on 20L 4D (6-15 days vs. 22-29 days, respectively, P < 0.001). Individuals in both groups began molting in the same order that they began testicular regression (P < 0.05, Kendall' s coefficient of rank correlation).
None of the birds in groups T31 and R70 molted after the transfer to 12L 12D, even though by day 70 seven of 11 had CTW below 50 mg, the threshold assumed to be permissive for molt (Morton et al. 1969, Lewis 1975a) . In other words, those transferred before photorefractoriness began (Groups T31 and R70) did not molt on 12L 12D, in contrast to those transferred after they became refractory (Group T60). Body weight. Data are combined for controls and Group T60 prior to day 60 and for groups T31 and R70 prior to day 70, both in Figure  3 and for statistical analysis, since treatments prior to those days were identical (Fig. 1) .
Body weights of all birds were near-maximal on days 21 and 37, as a result of photoperiodically induced premigratory fattening (cf. Ring 1961 , 1963 , Ring et al. 1965 ). Control birds and those in Group T60 lost weight sharply between days 37 and 56 (Fig. 3a) as they presumably ended migratory hyperphagia. In contrast, subjects transferred to 12L 12D on day 3 1, while their weights were still high, did not show a subsequent sharp decrease in body weight (Fig. 3b) . Despite several significant fluctuations in weight thereafter, they averaged 4-6 g heavier than controls for the remainder of the experiment (P < 0.001 on days 56-88; P < 0.05 on day 99). However, body weights of birds in Group R70 decreased to levels of controls after they were returned to 20L 4D on day 70 (Fig. 3b) and were significantly less than those of birds in Group T3 1 which remained on 12L 12D (P < 0.0 1 on days 88 and 99). Thus vernal premigratory fattening and hyperphagia persisted in birds on 12L 12D unless they were returned to long days.
The weights of control birds and those in Group T60 did not change significantly after day 56, but the progressive increase beginning late in molt likely represents the onset of autumnal premigratory fattening (cf. Molt. All subjects underwent an apparently normal prenuptial molt after 30-120 days of exposure to 12L 12D (Fig. 4) . None molted any primary remiges until transfer to 20L 4D (Table 2) . Neither onset nor duration of molt of primary remiges differed significantly among the groups transferred to 20L 4D at different stages of gonadal development (P > 0.90 for both parameters). Combining and comparing these data with those from birds in Experiment I that were transferred from 8L 16D to 20L 4D ( Table 2 III began to molt sooner (P < 0.001) although the duration of molt in the two experiments was not significantly different (P > 0.50). Body weight. We combined the data on body weight of all groups for the first 120 days of the experiment since all were exposed to 12L 12D until then (Fig. 4) . Body weight increased significantly by day 30 of exposure to 12L 12D, remained at this level until the birds finished molting, and then increased again. It did not decrease until the birds were placed on 20L 4D, whereupon it decreased sharply in all groups (Fig. 5) .
Body weight did not differ significantly among the groups on any post-transfer day (P > 0.20). Therefore, we pooled the data and found that the decrease in body weight following transfer was highly significant (P < 0.00 1). This response paralleled that of birds in Group R70 of Experiment II, which also maintained heavier weights on 12L 12D until returned to long days (Fig. 3) .
DISCUSSION
The foregoing data strongly support our first hypothesis, i.e., that the expression of autumnal functions is a remote consequence of vernal photostimulation. Birds in Experiment I became photorefractory and began postnuptial molt after being subjected to an apparently fixed number of long days of constant duration, although the number of days required varied inversely with daylength (cf. Harris and Turek 1982). As predicted by this hypothesis, the number of long days required to induce postnuptial molt was independent of the stage of testicular development at the time of transfer to long days (Experiment III). Two mechanisms have been proposed to explain this remote effect of photostimulation: (1) vernal photostimulation initiates an endogenous annual rhythm that is not self-sustaining and that must be "reset" each year by exposing the birds to short days ( . Since a photoregimen of 12L 12D initiated gonadal growth, vernal fattening, and prenuptial molt, but failed to cause postnuptial molt or refractoriness (Experiment III), autumnal functions appear to require longer days for their induction than do vernal functions. Even when the latter were induced by long days in Experiment II, the birds did not undergo autumnal functions later, when transferred to 12L 12D near the end of the gonadal growth phase. Vernal hyperphagia persisted in both Experiments II and III as long as birds were maintained on 12L 12D, but disappeared when they were shifted to long days. Therefore, it is possible that termination of this process in the spring requires days in which the photoperiod exceeds 12 h.
In conclusion, we propose that daylength independently controls at least four phases of the annual cycle of Z. 1. gumbelii: (1) Increasing daylengths in late winter induce directly the vernal functions-gonadal development, prenuptial molt, migratory fattening and migration. (2) Subsequently, they also induce a separate autonomous process that eventually induces the internally coupled sequence of latesummer and autumnal events-development of photorefractoriness, postnuptial molt, and migratory fattening. (3) The decreasing daylengths of late summer accelerate the late-summer and autumnal events inversely with the daylength that exists when these events occur. (4) Short days terminate photorefractoriness (for review, see Wingfield and Farner 1980) . Since control mechanisms for annual cycles appear to be of multiple evolutionary origin, it is not surprising that no single model has been proposed that satisfactorily explains these mechanisms in all species of birds (e.g., Farner and Follett 1979). Although our results are generally consistent with those on Chaffinches (Dolnik 1976, Noskov 1977) other species appear to rely more heavily on non-coupled endogenous circannual periodicities than does the White-crowned Sparrow (Farner and Gwinner 1980). We have proposed that autumnal functions in this species are coupled because they always occur in a specific order after breeding ends and because the latter is not synchronous within a population and therefore is not uniformly coincident with any environmental stimuli. Vernal functions are not internally coupled, or are easily uncoupled, either because selection pressures for strong coupling similar to those in autumn do not exist, or for some as yet unidentified selective advantage of weak coupling or non-coupling. Nevertheless, if the degree of internal coupling and reliance on external information varies between seasons within a single species in response to different selection pressures, then analogous differences in selection pressures may account, at least in part, for the interspecific differences in the mechanisms that control annual cycles. 
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